Abstract Gust load alleviation (GLA) tests are widely conducted to study the effectiveness of the control laws and methods. The physical parameters of models in these tests are aeroelastic scaled, while the scaling of GLA control system is always unreached. This paper concentrates on studying the scaling laws of GLA control system. Through theoretical demonstration, the scaling criterion of a classical PID control system has been come up and a scaling methodology is provided and verified. By adopting the scaling laws in this paper, gust response of the scaled model could be directly related to the full-scale aircraft theoretically under both open-loop and closed-loop conditions. Also, the influences of different scaling choices of an important non-dimensional parameter, the Froude number, have been studied in this paper. Furthermore for practical application, a compensating method is given when the theoretical scaled actuators or sensors cannot be obtained. Also, the scaling laws of some non-linear elements in control system such as the rate and amplitude saturations in actuator have been studied and examined by a numerical simulation.
Introduction
The design of modern flights vehicles requires the evaluation of dynamic loads in response to discrete and random gust excitations. 1 The gust excitations may disturb the regular operations of pilots and worsen the ride quality. In more grievous cases, flight mission cannot be completed and the flight safety may be disserved. 2 Therefore, gust load alleviation becomes a key topic in aeroelastic problems. 3 Gust load alleviation (GLA) control systems attempt to attenuate aircraft loads caused by the aircraft flying through gust zone. 4 Active control technology (ACT) has been proved to be useful for alleviating the internal loads and accelerations at some particular stations of the aircraft while in turbulence. 5 Some control theories such as the proportional-integral-deri vative (PID) control, the linear quadratic Gaussian (LQG) control, the H 1 control and neuron-fuzzy control have been applied to GLA control system design and have been verified to be effective by numerical simulation. 6, 7 Compared to numerical simulation in theoretical study, wind tunnel test can provide a more real condition to validate GLA methods and control laws. In the aerodynamic efficiency improvement (AEI) program, GLA wind tunnel test on a semi span aeroelastic wind tunnel model was conducted. Two control methods (LQG control and LQR control) were employed in this effort and the peak wing bending moments due to gusts were successfully reduced by more than 50%. 8, 9 Another work is the X-DIA aeroelastic test in Italy, which proved that adopting wing active control system can add damping to wing bending modes, either when wing was hit by discrete or stochastic gusts. 10 In China, studies on GLA wind tunnel test had been carried out by Wu et al. In this project, PID controller was applied to GLA and the accelerations at fuselage and wing tip were validated to be alleviated to a certain extent, as well as the bending moment of wing-root. 11, 12 Generally speaking, most GLA tests focus on studying the effectiveness of control methods and control laws. Some of the experimental models are specifically built for the certain tests, and some are scaled from the full-scale aircraft. The scaled models in these tests might be similar to full-scale aircraft in structural stiffness, inertial mass and other aeroelastic parameters, but the scaling of GLA control systems is always beyond reach.
Aeroelastic scaled models are designed and manufactured so that the results obtained from the wind tunnel tests or flight tests can be related to the aeroelastic behavior of the full-scale aircraft. 13 The physical parameters of scaled model are determined by aeroelastic scaling laws established on the basic governing equations. Aeroelastic scaling laws, first presented by Bisplinghoff and Ashley, 14 have been developed and improved ever since. Recently, Wan and Cesnik have elaborated the aeroelastic scaling method of linear and nonlinear structures. In the area of aeroservoelastic scaling, Freidman studied a 2-D airfoil combined with a trailing edge control surface, derived aeroservoelastic scaling requirements for the fixed and rotary-wing aircraft. 15, 16 And Pototzky applied scaling laws to the modal formulation of the aeroservoelastic equations, and verified the scaling process by comparing the root-locus of both size models. 17 So far for GLA tests, the available aeroelastic scaling laws can only ensure the similarity of gust response under openloop condition. And no strict scaling laws have been put forward for GLA control system yet, which means the strict similarity of gust response under closed-loop condition is still unreachable. Note: the open-loop condition means that the GLA system does not work, while the closed-loop condition means the GLA system is taking effect.
The scaling laws of GLA control system are studied in this paper, along with some consideration for practical application. Starting from the aeroelastic equation of motion in generalized coordinates, the transfer function of a PID control system is derived. Through theoretical demonstration, a scaling criterion of the control system has been set up and a scaling method is provided and verified. The options of Froude number similarity have also been studied in this paper which gives us a more comprehensive understanding of the GLA scaling laws. In addition, considering the practical application, a compensating method is given for actuator or sensor when the theoretical scaled ones cannot be obtained. Another difficult problem, the scaling laws of saturations in actuator has been studied. All these scaling laws could be applied to GLA tests and play a critical role in making direct connections between scaled model and full-scale aircraft.
Scaling laws for GLA test model
The relations of gust response between the scaled model and the full-scale aircraft are governed by aeroelastic scaling laws. To meet the similarity of gust response of open-loop system, five general similarity criteria have been described in the following section. For closed-loop system, the general similarity criteria would not be sufficient any more. Necessarily, the scaling criterion for GLA control system should be studied and method should be given to ensure the similarity of alleviation results.
General scaling method for aeroelastic similarity
For low-speed aeroelastic wind tunnel tests, there are no more than three practical constraints, corresponding to the primary dimensions of length, time, and mass. To specify these constraints, three factors are chosen as the basic scaling factors, including the length scaling factor k b , the speed scaling factor k V and the air density scaling factor k q . 18 On the basis of these three scaling factors, there are different criteria that should be satisfied in different situations when scaling a model. For example in flutter study, the dynamic aeroelastic equation of full-scale model can be written as follows (neglecting the damping) 19 :
where x is the flutter frequency, V the air velocity, q the air density and b the reference length. Generalized mass M, generalized stiffness K and generalized displacement q are dimensional and the aerodynamic influence coefficient A is non-dimensional. Then the dynamic aeroelastic equation of scaled model can be written with the scaling factors:
Considering Eqs. (1) and (2), to get a similar flutter equation, the following similarity criterion is required:
Assuming that the Mach number, Reynolds number and specific heat ratio are the same between two models, and with similar aerodynamic configuration and vibration shape, there will be k A ¼ 1, and thus let the non-dimensional parameter, the reduced frequency k k ¼ xb V be kept the same in both model:
To summarize the similarity criteria for flutter test, basic scaling factors and other scaling factors according to the above criteria has been sorted in Table 1 . 13 The non-dimensional parameters k are kept the same in both models in order to ensure the flutter similarity. But in other kind aeroelastic scaling works, it would not be sufficient any more. For example, the static aeroelastic or gust response similarities ask for one more non-dimensional parameter: the Froude number. Considering the effect of gravity, the static aeroelastic equilibrium equation can be written as
where a 0 is the initial angle of attack, a f the angle of attack after elastic deflection, C 1 and C 2 are flexibility coefficients.
The equation of scaled model can be written as
So in static aeroelastic or gust wind tunnel test in which gravity provides one of the loads to achieve equilibrium, we can get similar criteria:
With the same angle of attack k a ¼ 1 and aforementioned k A ¼ 1, let another non-dimensional parameter, the Froude number Fr (Fr ¼ V ffiffiffiffiffi bg p ) be kept the same in both model
Neglecting the variation of the gravitational acceleration, the Froude number similarity can be expressed as follow:
The equation above consequently makes a connection between the two basic scaling factors: k V and k b , and turns the three basic factors into two: k q and k b . After the match of Froude number, the scaling factors derived from the similarity criteria are updated in Table 2 , which provide the general scaling factors of a scaled model in gust related tests.
The scaling factors for shear force k F S and bending moment k M E can be obtained from the aerodynamic similarity:
where k F A is the scaling factor for aerodynamic force. In addition, based on the equation of the second Newton law, the scaling factor for acceleration of a certain point can be obtained:
Note the consistency of non-dimensional parameters: Reynolds number and Mach number are very important for the aerodynamics similarity. But Reynolds number requirement is often ignored because it is hard to reach in practical situations and is of minor importance as far as aeroelastic effects for main lifting surfaces are concerned. 18 Also, Mach number cannot be matched since the air density and speed of sound cannot be controlled in wind tunnel. For low-speed wind tunnel test, the air is almost incompressible and thus makes the Mach number requirement less important.
Generally speaking, to meet flutter similarity, the reduced frequency k is the key non-dimensional parameter to be kept the same. But if a scaled model was designed for gust related wind tunnel tests in which gravity provided one of the loads, like the sidewall mounting system 20 or free flying support system, 21 another non-dimensional parameter, the Froude number must be kept the same as an additional requirement. When Froude numbers are kept same, there would be only two necessary basic scaling factors: the length scaling factor k b and the air density scaling factor k q . Other scaling factors like mass and stiffness factors can be determined by the five similarity criteria discussed above. However, the general criteria can only ensure the similarity of gust response under openloop condition. In another word, the similarity of gust response under closed-loop condition asks for one thing more: the scaling of GLA control system.
Scaling laws for GLA control system
The GLA control system is shown in Fig. 1 , using the wing tip acceleration as feedback signal. The sensor, control law and actuator in the dotted box build up the GLA feedback loop. The general scaling laws above have already decided the physical characteristics of aircraft and gust. But the GLA feedback loop has not been determined yet. When seeking the similarity of response under closed-loop condition, the scaling of feedback loop becomes the key problem. The following sections Mass similarity
Stiffness similarity Mass similarity
Stiffness similarity
start from deducing the transfer function of the GLA control system, and then study the scaling criterion and methodology of the GLA feedback loop.
Transfer function of GLA control system
The frequency domain open-loop aeroelastic equation of motion in the generalized coordinates, excited by control surfaces motion and atmospheric gusts, is expressed as
The left-hand-side matrix coefficient matrices are the generalized mass matrix M, the damping matrix C, the stiffness matrix K, and the aerodynamic influence coefficients (AIC) matrix Qassociated with the modal displacements q. The right-hand-side matrices are the generalized mass matrix M qd and the AIC matrix Q qd due to deflection of control surface d. The AIC matrix Q g is connected to gust velocity vector w g . After solving the equation, the modal displacement q can be expressed as follows:
Assuming that the wing-tip acceleration is n y , it can be written as
where f 1 is the modal displacement array of wing-tip accelerometer. The relation between control surface commanded deflections d and aircraft's motion signal n y is
where T is the GLA feedback loop transfer function. Considering Eqs. (14) and (15), the modal displacements in Eq. (13) can be written as a function of w g :
Assuming the acceleration of a certain point on the aircraft is a, which can be expressed as
where f sr is the modal displacement array of this point. So Eq. (17) is the transfer function from the input gust excitation to the acceleration of a certain point. Also, for a finite element structural model, we can get the transfer function from the input gust excitation to the internal stress of a certain element:
and K sr is the stiffness matrix of this element. For the convenience of the following deducing, the wing tip acceleration is chosen as the output and the transfer function GðxÞ can be defined as
Scaling criterion and methodology for GLA control system
The relationship or the scaling criterion of GLA control system can be expressed as the following form:
where GðxÞ is the transfer function of the full-scale model, and GðxÞ the transfer function of the scaled model.x ¼ xk x .The following deducing studies the response of wing tip acceleration as expressed in Eq. (19) . According to the general similarity criterion, the terms in the equation: A, B, E, f 1 , f sr have been determined once the physical parameters are scaled. So the only term that needs to be specially designed or scaled is the GLA feedback loop transfer function T. Before studying the scaling factors, the modal matrix U should be normalized first. The method used here is normalizing the first term of eigenvectors, which means u j1 ¼ 1.
With the normalization above and adopting the double lattice method (DLM) for aerodynamic forces, 24 some precondition can be given for the deduction:
(1) Except for the control surfaces, the modal array of a point on the scaled model is the same as the modal array of the corresponding point on full-scale aircraft, which also means on corresponding panels, U p (modal matrix of aerodynamic center) and U q (modal matrix of control point) satisfy the equation:
And modal arrays such as f sr and f 1 have the relationship
For the deflection modal matrix of control surfaces, the relationship would be different. The length scaling is taken into consideration for the reason that the distance from a point on control surface to the hinge has been scaled by k b . Consequently the relationship of deflection modal matrix can be written as
The aerodynamic influence matrix D of both models are the same if the panels for DLM are in similar shapes, which means k D ¼ 1. (4) If Froude number is matched, some basic scaling rela-
can be obtained from Eq. (9) and Table 2 . According to Eq. (13), A, B, E can be expanded as
Neglecting the damping matrix Cand using the basic scaling relations:
; each term's scaling relation can be written. The first term of A is
The second term of A is
It is obvious that all the terms are of the same scaling ratio, and then A's ratio of the scaled model to the full-scale model can be written as
For terms of B, the scaling relation can also be written in the same way. The first term of B is
The second term of B is
and then the value of B's ratio is
Finally, E has only one term and the scaling relation can be written as
then the value of E's ratio is
With the A, B, E's ratios being obtained above and the basic relations
the transfer function ratio of the scaled model to the full-scale model can be expressed as
To satisfy the similar control systems' criterion as provided in Eq. (20) 
However, in case Froude number was not matched, the transfer function ratio of the scaled model to the full-scale model could be expressed as
Also to satisfy the similar control systems' criterion as provided in Eq. (20) , the GLA feedback loop transfer function ratio k T must be equal to k 
Numerical verification
To verify the scaling laws of the GLA control system, a fullscale airplane with GLA control system is chosen as the numerical example. By using the scaling methodology above, two scaled models are constructed with the same length parameter but different airspeed parameters, as the Froude number of scaled model 1 is matched while this nondimensional parameter is not matched in scaled model 2. Both two scaled models are of great importance: scaled model 1 represents the GLA wind tunnel test in which gravity plays an important role and scaled model 2 gives us a way to check the influence of the non-existence of Froude number similarity.
By comparing the gust responses of the models in openloop and closed-loop condition, the scaling criterion and methodology are validated.
Model description
The finite element model of the full-scale airplane is described by some basic geometrical parameters as shown in Fig. 2 . As only the longitudinal characteristics are considered in this paper, the lateral characteristics are neglected and there is no vertical fin or rudder in this model. The elevator is used for trimming and the aileron is adopted as control surface for GLA. Table 3 has provided some parameters for the full-scale model and the scaled models. There are only two independent scaling factors in scaled model 1: air density ratio k q ¼ 1 and length ratio k b ¼ 1=10, as the Froude number has been matched and thus airspeed ratio k V becomes a dependent parameter. However, the scaled model 2 has three basic independent scaling factors as the Froude number is not matched. For all these three models, the airspeed is low enough to ignore the Mach number similarity. In addition, the Reynolds numbers are considered to be on the same order of magnitude.
Common parameters for full-scale model and scaled model

GLA feedback loop description for full-scale model and scaled models
The scaled models studied here not only satisfy the general criteria, but also is engaged with a scaled GLA control system. The GLA feedback loop includes 3 major units: sensor, control law and actuator. The feedback mechanism is described as follows: the acceleration signal is measured by the sensor, after processed by the low pass filter and the designed control law, the signal becomes the actuator deflection command, which actuate the control surface to alleviate the gust load.
The low pass filter unit can be expressed as a 1st-order transfer function, while the actuator model is considered as a 3rd-order transfer function. As shown in Table 4 , all the units in the feedback loop are scaled by applying the method shown in Section 2.2.2. As we can see, the GLA transfer function of scaled model 1 and scaled model 2 are different as the scaled model 2 frees the restraint between k V and k b .
Comparison of general aeroelastic analysis results
The following comparisons focus on some general aeroelastic characteristics. These aeroelastic similarities can be achieved by satisfying the general scaling laws.
Aeroelastic trim analysis
After general aeroelastic scaling, the similarities of aerodynamic shape, stiffness distributions and mass distributions ensure the similarity of static aeroelastic response. But there are also some distinctions between these three models as Froude number is not matched in scaled model 2.
In the aeroelastic trim analysis, the angle of attack and the deflection of the elevator are compared. The load factor is held as a constant at 1 for the two models. The conditions for aeroelastic trim analysis is given in Table 5 and the comparisons of the aeroelastic trim results are shown in Fig. 3 . It should be noted that for the convenience of comparison in one figure, the airspeeds of the scaled models have been factored to match the airspeed of the full-scale model. As shown in Fig. 3 , the angle of attack and the deflection of the elevator are consistent under different conditions for full size model and scaled model 1. But as the gravity provides one of the loads in trim analysis and Froude number is quite important here, scaled model 2 cannot share the same result with full size model and scaled model 1 as expected.
Mode analysis
Mode analysis is the basis of dynamic aeroelastic analysis. Table 6 shows the natural frequencies of some major symmetric modes, as the anti-symmetric modes being removed. The mode analysis results show that not only the natural mode shapes are similar, but also the ratios of frequencies are consistent. All the frequencies' ratios here satisfy the basic relation:
Comparison of GLA analysis results
The results of GLA analysis are discussed in this section. The excitation used here is a discrete vertical gust as shown in Fig. 4 . The GLA analysis is based on similar GLA control systems. It should be noted that the gust excitations should also be similar in gust response analysis. The GLA control system has been described before; the flight and gust parameters are listed in Table 7 . The scaling factors of maximum gust velocity and gust wavelength are the same as k V and k b .
Gust responses are calculated on the full-scale model and the scaled models under both open-loop and closed-loop conditions. For the convenience of comparison, the time of the 
Ts þ 1 (1st-order inertial element) stands for the transfer function of sensor or low pass filter; GðsÞ stands for general transfer function of
(3rd-order element) stands for transfer function of actuator, while A i are numerator and denominator coefficients. Fig. 3 Comparison of aeroelastic trim results.
these responses has been converted into non-dimensional time using the equation s ¼ Vt=b.
The results of wing tip acceleration have been shown in Fig. 5(a) . As the open-loop condition means that there is no GLA control system working, the similarity of response under open-loop condition can be achieved by just satisfying the general scaling criteria. As illustrated in Eq. (11) , if the Froude number were matched, the scaled model would get the same acceleration results with full size model, which is verified by scaled model 1 and full size model in Fig. 5(a) . However, without the Froude number similarity, the acceleration response of scaled model 2 can still reflect the open-loop response of fullscale model by multiplying the result by 1=k a . This suits a more common case that the Froude number is not matched and has been expected from Eq. (11). So generally speaking, the wing tip acceleration responses under open-loop condition of the three models are in great consistence.
The closed-loop condition means that the GLA control system comes into work. The wing tip acceleration signal has been measured and delivered to control system to create the alleviation command. As shown in Fig. 5(b) , the wing tip acceleration has been alleviated significantly compared to the response under the open-loop condition in Fig. 5(a) . The important thing is, the response curve of the scaled model 1 fits in well with the response curve of the full-scale model under the closed-loop conditions, which verifies the correctness of the GLA scaling methodology. Also by amplifying the closed-loop acceleration 1=k a times, the response curve of scaled model 2 could fit in well with the response curve of the full-scale model as shown in Fig. 5(b) . This means scaled model 2 could also represent the alleviation result of full size model with some data processing.
In addition, the bending moment and shear force responses due to gust have been given in Figs. 6 and 7. To compare conveniently, the bending moment and shear force responses of scaled models are amplified 1=k M E and 1=k Actually, the GLA control system scaling methodology used here is deduced from the transfer function of wing tip acceleration but not the internal force. It comes out that the internal force responses are scaled correspondingly. So the analysis results have verified the scaling criterion and scaling method of GLA control system in more than one way. The analysis of scaled model 2 is quite important here since it demonstrates that the non-existence of Froude number similarity could also get acceptable results, but this conclusion can only be suitable when gravity is an unimportant factor for full size model and could be evaded by some measurements in wind tunnel tests.
Results and discussion
The numerical analysis above proves the correctness of the scaling criterion and method derived from the Eq. (12). But there are still some difficulties in practical application. For one thing, we may not get the ideal actuator or sensor which just has the same transfer function as the theoretical scaled one. For another, the scaling method studied above mainly deals with linear systems, but there are saturations in actuator that cannot be considered as linear units for simplicity. So how to scale the rate and amplitude saturation in actuator remains a significant problem yet to be resolved. The discussion below gives satisfying solutions and has been verified by numerical simulation.
Transfer function compensating method
If the theoretical scaled actuator were not available in real situation, compensating measures could be taken in the forehead GLA control law. As shown in Fig. 8 , assuming that the transfer function of actuator that can be obtained is H 3 ðsÞ, then after compensating, the GLA control law will be H 2 ðsÞ: Fig. 5 Wing tip acceleration response due to discrete gust. Although there are some changes in the transfer function of control law and actuator, the whole transfer function will stay unchanged, which will consequently make no difference in the alleviation result. And this solution can also be adopted in the situation that the theoretical sensor cannot be obtained.
Scaling laws of saturation in actuator
Considering the actuator as a second-order control system and the Simulink model is shown in Fig. 9(a) , the input of the actuator is the deflection command and the output is the deflection angle of control surface. During the GLA process, it is possible that the actuator reaches its maximum rate or amplitude in either direction, which means the rate or amplitude saturation comes into work. Saturations are non-linear units and should be specially treated in the scaling process. The ranges of rate and amplitude saturations in scaled actuator model remain unknown and are underlined in Fig. 9(b) .
To get a better understanding of the problem, some research has been conducted in the situation that the actuator works in an appropriate range without the saturation working, thus the unknown range of saturation will not affect the results. By observing the amplitude and rate responses of full-scale actuator in GLA process shown in Fig. 10 , it is apparent that the amplitude value of a certain time t is actually the area value surrounded by the rate curve and the axis before the time t. And this is identical to the mathematical meaning of the integration units in Fig. 9(a) . In Fig. 11 , the response of scaled actuator shows the similar relationship between rate Fig. 8 Method to compensate non-ideal actuator. Fig. 9 Full-scale and theoretical scaled actuator models with the scaled saturation range undetermined. curve and amplitude curve, with a difference that the area must be multiplied by k x as a scaling effect of integration units in Fig. 9(b) . Eventually, the pattern of responses at corresponding time t (full-scale model) andt (scaled model) has been obtained; the amplitude and rate of full-scale and scaled actuator satisfy the following form:
where fðtÞ,fðtÞ are the rate responses; dðtÞ,dðtÞ are the amplitude responses for the full-scale actuator and the scaled actuator respectively. The corresponding time above means that
Note that this is the situation when the saturations do not work.
Inspired by the above response pattern of no saturation working, an idea has come up that after the scaling of saturation units, there should be a same consequence on amplitude and rate responses as Eq. (38) has revealed. This is taken as a scaling request in the following deduction.
To study the scaling method of actuator saturation, hypothetical rate curves are drawn in Fig. 12 , and the saturation effects are simplified as the red dotted line. For full-scale actuator, the range of rate saturation is ÀA À þA (known). And for scaled actuator, the range of rate saturation is ÀB À þB (unknown). In addition, the rate responses of full-scale actuator and scaled actuator have the relationship: fðtÞ ¼fðtÞ at corresponding time. All these assumptions are the prerequisites for the deducing below.
Considering that the red line is taking effect, the actuator amplitude responses of the full-scale actuator and scaled actuator can be written by the following form:
where time T is between t 2 and t 3 ;T is between t 2 and t 3 for simplicity.
If we make A ¼ B, then there will be t 1 ¼t 1 and t 2 ¼t 2 because of the relationship of rate response: fðtÞ ¼fðtÞ. Consequently the 3 terms on the right hand side of Eq. (40) can be replaced by the following forms: unit cannot be simply scaled from 1 s to 1 ð1=k x Þs as shown in Fig. 13(a) . The integration unit should stay as 1 s even in the scaled actuator. So with the scaling solution of saturation above and the unchanged request of integration unit, we eventually get the modified scaled actuator model as shown in Fig. 13(b) . The location of k x is shifted forward and thus making the range of saturation amplified k x times as underlined in Fig. 13 , also the transfer function before rate saturation is multiplied by k x .
To verify the scaling method of saturation units, a simple numerical simulation has been conducted and the Simulink model is shown in Fig. 14 , using the load factor as the feedback signal for GLA. In an equilibrium state the load factor equals to 1.0, therefore the real control signal should be the offset from 1.0 as shown in Fig. 14 .
The actuator units in the Simulink can be referenced in Figs. 9(a) and 13(b) for the full-scale and the scaled size. In this case, the gust excitation is adequate enough to make the saturation units come into work, which is different from the situation discussed in Figs. 10 and 11 .
The result gives a sufficient support to the scaling method derived in this section. The rate and amplitude responses of this simulation are plotted in Figs. 15 and 16 , and apparently Eqs. (37) and (38) are completely satisfied. The goal of this simulation is to alleviate the load factor of mass center. In Figs. 17 and 18 , the load factor responses are shown in absolute time and non-dimensional time respectively. Not only the open-loop responses but also the closed-loop responses are in consistence, which proves that the scaling laws of actuator saturation units are truly effective.
Concluding remarks
Scaling laws for GLA tests are studied in this paper, mainly concentrating on the scaling criterion and method of GLA control system. The object investigated is a general airplane with gust load alleviation control system and the excitation used here is a '1-cosin' type gust. Also, taking the practical factors into consideration, some viable methods have been brought up for real situation. And findings of this study are summarized below.
(1) Based on whether the GLA control system comes to work, the gust response of aircraft can be sorted into two types: the open-loop response and the closed-loop response. The open-loop responses of the scaled model and the full-scale model can be aeroelastically similar by simply adopting the general aeroelastic scaling laws. However, the similarity of closed-loop response requires the scaling of GLA control systems. For a GLA control system based on classical PID control theory, the scaling criterion can be represented as the relationship of similar transfer functions. The scaling method can be derived from the scaling criterion and is verified by numerical analysis in this paper. It would be useful in GLA test if the scaling criterion and method studied above were adopted in scaling the GLA control systems. The method to obtain the scaling criterion and methodology in this paper also provides a helpful route when scaling GLA control systems based on other control theories. (2) Froude number similarity could be quite important if the gravity provides one of the significant loads. But there is similarity that could be evaded if the gravity were relatively a quite unimportant factor for full size model and GLA test model could be mounted on the floor rather than on the wall to avoid the effect. In this situation, the GLA scaling laws studied in this paper could still ensure the similarity of both open-loop and closed-loop acceleration response and internal force response. This conclusion would help a lot in practical application as it frees restraint between airspeed scaling factor and length scaling factor, thus make the whole scaling work more flexible. However, in many practical cases the gravity is actually an important factor in gust related tests which needs to be specifically concerned, so it is often recommended to match the Froude number in gust related scaling work. (3) When building the scaled control system for practical use, the sensor or the actuator that can be obtained might not fit well with the theoretical scaled ones. In this situation, a compensating method has been come up by changing the transfer function of control law. Usually, there are rate and amplitude saturations in actuators. They are non-linear units in control systems and need some special consideration when scaling. To deal with this, a viable scaling approach has been provided and verified by numerical simulation.
